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Comparative studies of enzymatic degumming process of rapeseed oil were carried out in mechanical-
stirring and ultrasonic-assisted mechanical-stirring systems. The inﬂuences of enzyme dosage
(10–50 mg/kg), pH (4.5–6), temperature (45–65 C), water amount (1–3%), ultrasonic power (0.06–
0.09 W/cm3) and reaction time were investigated subsequently. A suitable ultrasonic power of 0.07 W/
cm3 was determined to guarantee satisfactory degumming efﬁciency and enzyme activity. Compared
to the mechanical-stirring system, optimum temperature of phospholipase A (PLA) in the ultrasonic-
assisted mechanical-stirring system was about 5 C higher, while the effects of pH on both of the two sys-
tems were quite similar. Less time and water were used in the ultrasonic-assisted mechanical-stirring
system for enzymatic degumming. The study on the quality changes of degummed oils showed that
ultrasound could accelerate the oxidation of edible oils due to the effect of cavitation, thus more attention
should be paid on the oxidative stability in the further application.
 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
Rapeseed is one of the most important oilseed crops and a ma-
jor source of edible vegetable oil in China. The planting area of the
rapeseed is about 6.7 million hectares, and the total yield is about
12 million tons, accounting for 20% of the world’s supply [1]. To ob-
tain edible vegetable oils from oil-bearing seeds such as soybean,
rapeseed, peanut or sunﬂower, various reﬁning operations are re-
quired. Degumming is the ﬁrst step in the reﬁning process of veg-
etable oils, which removes phospholipids and mucilaginous gums.
The presence of substantial amounts of phospholipids can cause oil
discoloration and serve as a precursor of off-ﬂavors. Therefore, the
removal of nearly all of the phospholipids is essential for the pro-
duction of high-quality ﬁnished oil [2]. Traditional degumming
processes, including water degumming, super-degumming, total
degumming, acid treatment, etc., cannot guarantee the achieve-
ment of low phosphorus contents (<10 mg/kg) required for physi-
cal reﬁning, and are not always optimally suited for all oil qualities
[3]. Besides, some beneﬁcial minor components such as tocophe-
rols and sterols would be reduced during the alkali reﬁning process
followed by the traditional degumming processes. The yield loss,the apparatus requirement and the energy expenditure of these
processes are also great [4].
Enzymatic degumming is probably the best process available
today for reducing the phosphorus content of vegetable oils below
10 mg/kg. It was ﬁrst developed in the 1990s in initial industrial
plant trials by the German Lurgi Company, as the ‘‘EnzyMax pro-
cess’’. In this process, enzymes changed non-hydratable phospho-
lipids (NHP) into a hydratable form, which were then removed
by centrifugation [5]. In recent years, enzymatic degumming pro-
cesses have been explored by other researchers with different
sources of phospholipases to obtain a low phosphorous content
(<10 mg/kg) under suitable conditions [6,7]. Until now, most of
the reported studies are focused on the degumming efﬁciency of
phospholipase A (PLA). In the case of Lecitase Ultra, the phospho-
rous contents of rice bran oil and soybean oil were enzymatically
degummed to less than 5 mg/kg and 6 mg/kg after 6.5 h and 5 h,
respectively [8,9]. The use of PLA could effectively reduce the phos-
phorous content of vegetable oils to less than 10 mg/kg to make it
suitable for physical reﬁning, and decrease the amounts of acid and
alkali used and wastewater generated during the reﬁning process,
resulting in an enhancement in product yield and a reduction in
operating cost [10]. However, it is quite time-consuming
(4–6.5 h) for the treatment of PLA to reduce the phosphorous to
less than 10 mg/kg.
Phospholipase-catalyzed reaction takes place at the interface
between the aqueous phase containing the enzyme and the oil
phase, which means that the rate of this reaction increases when
the interfacial area is increased [5]. Mukataka et al. [11] ﬁrstly
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count the interfacial area. Ultrasound irradiation, a mechanical
rather than an electromagnetic wave, is an alternative method to
increase such interfacial area in enzymatic reactions [12]. Though
cavitation is unlikely to occur in oil due to the low vapor pressure,
ultrasound can cause cavitation in water/oil emulsions. When cav-
itation bubbles collapse near the phase boundary of two immisci-
ble liquids, the resultant shock wave can provide a very efﬁcient
stirring/mixing of the layers, resulting in an enhancement of heter-
ogeneous reactions and forming transient reactive species. Thus,
ultrasound can be a useful tool in enzymatic reactions [13]. Though
some studies have shown that appropriate treatment of ultrasound
can enhance the activity and reaction rate of some kinds of en-
zymes [13–15], a little work has been devoted to the enzymatic
degumming process of vegetable oils enhanced by ultrasonic
irradiation.
In this paper, we investigated the effect of ultrasound on enzy-
matic degumming process of rapeseed oil as compared to the con-
ventional mechanical-stirring enzymatic degumming process, and
studied the quality changes of degummed oils treated by the two
systems.Fig. 1. The schematic diagram of ultrasonic equipment (1-ultrasound producer, 2-
ultrasound transducer, 3-water, 4-cleaning tank, 5-reactor, 6-oil mixture, 7-mixer).2. Experimental
2.1. Materials
Crude rapeseed oil was kindly provided by Jin Taiyang oil Ltd.
(Nantong, China) with an original phosphorus content of
252.05 ± 0.91 mg/kg. Phospholipase A1 (Lecitase Ultra) was pur-
chased from A/S Novozymes (Bagsvaerd, Denmark) and the phos-
pholipase activity was assayed and found to be 8670 U/g. All
other reagents were of analytical grade and were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China), and the
solutions were prepared in deionized water.
2.2. Equipment
Mechanical stirring experiments were carried out in a thermo-
static water bath equipped with an agitation unit (IKA, Germany,
model Eurostar 40 digital; 30–2000 r/min). The agitation unit
consisted a 4-bladed propeller-type impeller with a diameter of
50 mm (IKA, Germany, model R1342), and the reaction tempera-
ture could be maintained within ±0.2 C of the desired
temperature.
Ultrasound-assisted enzymatic degumming reactions were car-
ried out using an ultrasonic water bath (Hechuang, China, model
KH 300GDV, temperature accuracy ±1.0 C) in which a 250 ml con-
ical ﬂask was immersed with an agitation unit (IKA, Germany,
model Eurostar 40 digital; 30–2000 r/min) for enzymatic degum-
ming reactions. The agitation unit consisted a 4-bladed propeller-
type impeller with a diameter of 50 mm (IKA, Germany, model
R1342). The operating frequency of the ultrasonic bath was
40 kHz and the output power could be adjusted from 50% to
100% of the total power (300 W), and the delivered power dissi-
pated in the medium were estimated by the calorimetric method.
2.3. Determination of PLA1 activity
PLA1 assay was performed with deoiled soy lecithin (PL) emul-
sion using the method of Yang et al. [4]. One unit of PLA1 (U) is the
amount of enzyme which releases 1 lmol of titratable free fatty
acid (FFA) per minute under the described conditions. Substrate
solution: 25% PL and 4% polyvinyl alcohol solution were emulsiﬁed
at a volume ratio of 1:4. Analysis conditions: 4 ml of PL emulsion,
5 ml of 0.01 M citric acid buffer (pH 5.0), and 1 ml of enzyme solu-tion were mixed and incubated at 37 C for 10 min. The reaction
was terminated with the addition of 95% ethanol (15 ml) after
incubation, and the liberated FFA were titrated with 0.05 M NaOH.
Blanks were measured with heat-inactivated PLA1 samples (95 C,
10 min). All experiments were carried out in triplicate for the cal-
culation of the mean value.2.4. Enzymatic degumming without ultrasonic-assisted treatment
Enzymatic degumming process of rapeseed oil by the use PLA1
was modiﬁed according to the method of Yang et al. [16]. Crude ra-
peseed oil (150 g) was placed into a 250 ml conical ﬂask ﬁtted with
an agitation unit (seen in Section 2.2). The oil was heated to about
70 C in a water bath, and 0.2 ml of 45% citric acid was added under
high shear rate (2000 r/min) for 1 min. Then the mixture was al-
lowed to condition for 20 min at 70 C under stirring (500 r/min).
Afterwards, the temperature of the oil was decreased to 50 C. It
was followed by the addition of NaOH solution (16%, w/w) to make
the mixture at required pH and 3 ml deionized water were added
with high shear mixing (2000 r/min). The required quantity of en-
zyme was then added and the mixture was mixed under high shear
rate (2000 r/min) for 1 min. Then, the mixture was conditioned at
50 C with mechanical stirring at 500 r/min for enzymatic degum-
ming reactions. After a certain time of enzymatic treatment, the oil
mixture was heated to 95 C for 10 min to inactive the enzyme and
then quickly transferred to a centrifuge and centrifuged at 10000 r/
min (11000g) for 10 min. The supernatant ﬂuid was collected and
dried by the rotary evaporator at 0.09 Mpa, 80 C for residual phos-
phorous content and other analysis. All reactions were carried out
in triplicate.2.5. Enzymatic degumming with ultrasonic-assisted treatment
The ﬁrst several steps of the experiments were carried out as
same as the enzymatic degumming reactions without the ultra-
sonic-assisted treatment (seen in Section 2.4). After the addition
of enzyme, the mixture was quickly placed in the ultrasonic reac-
tion tank consisting of a mechanical agitation unit (seen in Section
2.2). The enzymatic degumming reactions were carried out under
the mechanical stirring at 500 r/min in combination with the ultra-
sonic irradiation at a required reaction temperature. After a certain
time of enzymatic treatment, the oil mixture was heated to 95 C
for 10 min to inactive the enzyme and then quickly transferred
to a centrifuge and centrifuged at 10000 r/min (11000g) for
10 min. The supernatant ﬂuid was collected and dried by the rotary
evaporator at 0.09 Mpa, 80 C for residual phosphorous content
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schematic diagram was shown in Fig. 1.
2.6. pH determination and phosphorous content assay
pH determination was carried out according to method of Jah-
ani et al. [8]. The phosphorus content of the samples was deter-
mined according to AOCS method Ca 12–55. All experiments
were carried out in triplicate, and the mean and standard deviation
for each of the determinations were calculated and reported.
2.7. Determination of oil quality indices
The FFA content of the samples was determined in accordance
with GB/T 5530-2005 (National Standard of the People’s Republic
China, 2005). The peroxide value (PV) of the samples was deter-
mined in accordance with GB/T 5538-2005. Oxidative stability of
the oils was analyzed by the Rancimat method using a Metrohm
743 Rancimat (Herisau, Switzerland) instrument. Samples of 3.0 g
were analyzed under a heating block of 110 C at a constant air
ﬂow of 10 L/h. The elements Fe, Ca and Mg were analyzed by
inductively coupled plasma according to AOCS Method Ca 20–99.
Experiments of the oil quality analysis were performed in triplicate
and the mean values and standard deviations were calculated.
One-way ANOVA was carried out using Tukey adjustment to deter-
mine the signiﬁcant difference between treatments. Signiﬁcant dif-
ferences were declared at P 6 0.05 (Origin 8.0).3. Results and discussion
3.1. The effect of ultrasound on optimum enzyme dosage
Fig. 2 showed the effect of enzyme dosage (relative to the
weight of oil) on the residual phosphorous content of rapeseed
oil. In the mechanical-stirring system, the residual phosphorous
content of rapeseed oil reduced fast when the enzyme dosage
was below 40 mg/kg and kept constant when the dosage was
beyond 40 mg/kg. However, in the ultrasonic-assisted mechani-Fig. 2. Effect of enzyme dosage (relative to the weight of oil) on the reduction of
phosphorous content of rapeseed oil: pH = 5.0, water amount = 3% (relative to the
weight of oil), reaction temperature = 50 C, stirring = 500 r/min. In mechanical-
stirring system (—); in ultrasonic-assisted mechanical-stirring system, ultrasonic
power = 0.07 W/cm3 (. . ..).cal-stirring system, the residual phosphorous content showed a
continuous decrease with an increase in enzyme dosage up to
50 mg/kg. Besides, when the same amounts of PLA1 were added,
the ultrasonic-assisted treatment could effectively reduce the
residual phosphorous to a lower level compared to the mechani-
cal-stirring system (Fig. 2). The different effects of enzyme dosage
under the two systems might be attributed to the effect of ultra-
sound on dispersion [12]. Compared to the sole mechanical-stir-
ring treatment, ultrasonic-assisted mechanical-stirring treatment
could create a better effect on the dispersion of water in oil, which
contributed to a more homogeneous reaction system and facili-
tated dispersion of PLA on the interfacial area between the oil
and water phases [12]. As a result, the residual phosphorous con-
tent continuously decreased with the increase in the enzyme dos-
age. So with ultrasound, higher interfacial area and higher enzyme
quantity could be accommodated. However, in the mechanical-
stirring system, the effect of mechanical agitation was not good
enough to provide a ﬁne dispersion of PLA on the interfacial area
between the oil and water phases. When the addition of PLA was
beyond 40 mg/kg, no more reduction of phosphorous content
was observed for the saturation of enzyme in the interface. Thus,
in consideration of the cost and degumming efﬁciency of PLA,
the dosage of 40 mg/kg was chosen for further study.3.2. The effect of ultrasound on optimum pH
Fig. 3 showed the effect of pH ranged from 4.5 to 6 on the resid-
ual phosphorous content of rapeseed oil. In the mechanical-stirring
system, the activity of PLA reached highest at pH 5.0 and then de-
creased with pH increasing up to 6.0. The values of pH below 4.8
and above 5.4 showed a sub-optimal enzymatic degumming efﬁ-
ciency. These results were similar to those obtained by other
authors who found the optimum pH for phospholipases was be-
tween 4.5 and 5.5 [6,16]. The effect of ultrasound on the pH-pat-
tern of PLA was quite the same with that without ultrasound
treatment, which indicated that ultrasound had little inﬂuence
on the optimum pH of this enzyme. In fact, each kind of enzyme
has its optimal range of working pH, and values without its optimalFig. 3. Effect of pH on the reduction of phosphorous content of rapeseed oil: water
amount = 3% (relative to the weight of oil), reaction temperature = 50 C, enzyme
dosage = 40 mg/kg, stirring = 500 r/min. In mechanical-stirring system (—); in
ultrasonic-assisted mechanical-stirring system, ultrasonic power = 0.07 W/cm3
(. . ..).
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zyme. Working pH can inﬂuence the ionization state of enzyme
and then lead to the change of its active site, affecting the activity
and afﬁnity of the enzyme and substrates. In addition, pH can also
change the charged state of the substrates, inﬂuencing the interac-
tions between the enzyme and substrates [15]. The optimum pH
values in the two systems were about 5.0, which preliminarily
proved that ultrasound caused little change in the ionization state
of PLA.3.3. The effect of ultrasound on optimum temperature
Fig. 4 showed the effect of temperature on the residual phos-
phorous content of rapeseed oil. PLA1 is a microbial lipase (E.C.
3.1.1.3) produced by submerged fermentation of a genetically
modiﬁed Aspergillus oryzae. It has inherent activity towards both
phospholipid and triglyceride structures. When the temperature
is over 40 C, the phospholipase activity predominates, and the li-
pase activity is partly suppressed [4]. In our study, we need to uti-
lize its phospholipase activity, thus the temperature of 45–65 C
was chosen to observe the effect of temperature. In the mechani-
cal-stirring system, the residual phosphorous content decreased
slightly from 45 to 50 C, and then increased sharply when the
temperature was above 55 C. The optimum temperature of PLA1
in the mechanical-stirring system was determined at 50 C, which
was consistent with other study [8]. In the ultrasonic-assisted
mechanical-stirring system, the optimum temperature was ob-
served at 55 C and the enzyme could remain most of its activity
at 60 C. By contrast, the activity of PLA reduced a lot at 60 C
and little activity was retained at 65 C in the sole mechanical-stir-
ring system. These results showed that ultrasound could promote
the optimum temperature of PLA (form 50 to 55 C) and improve
the thermal stability of PLA in a larger range of temperature (50–
60 C). It might be explained that the effect of ultrasonic cavitation
could provide full contact of PLA with substrates to produce stable
enzyme-substrate intermediates, thus enhanced thermal stability
of the enzyme. In further experiments, we selected 50 C andFig. 4. Effect of temperature on the reduction of phosphorous content of rapeseed
oil: pH = 5.0, water amount = 3% (relative to the weight of oil), enzyme dos-
age = 40 mg/kg, stirring = 500 r/min. In mechanical-stirring system (—); in ultra-
sonic-assisted mechanical-stirring system, ultrasonic power = 0.07 W/cm3 (. . ..).55 C for mechanical-stirring system and ultrasonic-assisted
mechanical-stirring system, respectively.3.4. The effect of ultrasound power on optimum water amount
Fig. 5 showed the effect of water amount on the residual phos-
phorous content of rapeseed oil. It is well-known that NHP are dis-
solved in the oil phase, while PLA is dissolved in the water phase.
Consequently the reactions between these two must take place
at the water/oil interface, which means that the water/oil ratio is
an important factor inﬂuencing reaction rate [5]. In the mechani-
cal-stirring system, the residual phosphorous content decreased
gradually with the increasing of water amount from 1.5% to 3%
(relative to the weight of oil), and then its value increased slightly
with further addition of water. While in the ultrasonic-assisted
mechanical-stirring system, the residual phosphorous content
reached lowest at the water amount of 2.5% (relative to the weight
of oil). In both of the two systems, the residual phosphorous
showed a decrease-increase pattern with the increase of water
amount. It might be explained that there was a critical point of
water amount in the two systems, and the substrates (phospholip-
ids) may already be saturated by water at the critical point, thus
further addition of water has no more contribution to the degum-
ming efﬁciency. Besides, excess of free water may generate emul-
sion of the mixture, resulting in the difﬁculty in subsequent
centrifugation. Actually, more apparent emulsiﬁcation was ob-
served by naked eyes when the addition of water was higher, espe-
cially in ultrasonic-assisted system. So the addition of water should
be carefully selected in the degumming process. When the opti-
mum enzyme dosage of 40 mg/kg (relative to the weight of oil)
was selected in our study, the critical value of water amount in
the ultrasonic-assisted mechanical-stirring system (2.5%) was a lit-
tle lower than that in the sole mechanical-stirring system (3%),
which indicated that the water amount required in the ultra-
sonic-assisted mechanical-stirring system to saturate the sub-
strates was less. The result might be explained that ultrasound
could produce more interfacial area between water and oil andFig. 5. Effect of water amount (relative to the weight of oil) on the reduction of
phosphorous content of rapeseed oil: pH = 5.0, enzyme dosage = 40 mg/kg, stir-
ring = 500 r/min. In mechanical-stirring system, reaction temperature = 50 C (—);
in ultrasonic-assisted mechanical-stirring system, reaction temperature 55 C,
ultrasonic power = 0.07 W/cm3 (. . ..).
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ments, we selected the water amount of 3% and 2.5% for mechan-
ical-stirring system and ultrasonic-assisted mechanical-stirring
system, respectively.
3.5. The effect of ultrasonic power on degumming efﬁciency
For enzymatic reactions with ultrasound treatment, the power
of ultrasound is an important parameter. Appropriate ultrasonic
treatment could make the enzyme perform at its best, and inappro-
priate ultrasonic treatment might reduce the activity of the en-
zyme. The effect of ultrasound on different kinds of enzymes are
quite different [17,18]. In our study, we selected 50, 60, 70, 80
and 90% of the total power load (300 W), and the actual values of
the power were equivalent to 0.05, 0.06, 0.07, 0.08 and 0.09 W/
cm3 measured by the calorimetric method with experimental
RSD of 9.5%, 8.3%, 8.9%, 7.8% and 9.2%, respectively. Fig. 6 showedFig. 6. Effect of ultrasound power on the reduction of phosphorous content of
rapeseed oil: (A) pH = 5.0, water amount = 2.5% (relative to the weight of oil),
enzyme dosage = 40 mg/kg, reaction temperature = 55 C, no stirring; (B) pH = 5.0,
water amount = 2.5% (relative to the weight of oil), enzyme dosage = 40 mg/kg,
reaction temperature = 55 C, stirring = 500 r/min.the effect of ultrasonic power on the residual phosphorous content
of rapeseed oil. In the ultrasonic-assisted system without stirring
(Fig. 6A), the residual phosphorous content of rapeseed oil contin-
uously decreased with an increase of ultrasonic power, which
might be attributed to a ﬁner dispersion of water and enzyme in
the oil phase with higher ultrasonic power. In the ultrasonic-as-
sisted mechanical-stirring system, the degumming efﬁciency of
the ultrasonic treatment combined with mechanical stirring was
quite better (Fig. 6B), and the residual phosphorous content of ra-
peseed oil was lower when the same reaction time was used. It
meant that mechanical-stirring had its own advantage in facilitat-
ing the dispersion of water and enzyme in the oil phase during
degumming process. When the ultrasonic power exceeded
0.07 W/cm3, no further phosphorous decrease was observed,
which meant that mechanical stirring with an increase of ultra-
sonic power in an appropriate range could promote the mass trans-
fer of the reaction system and decrease the inhibition and
aggregation of substrates on the interfacial area between the oil
and water phases. However, mechanical stirring with ultrasonic
power above 0.07 W/cm3 could no longer increase the degumming
efﬁciency for the saturation of enzyme on the interfacial area
(Fig. 6B). Besides, little decrease of PLA activity was observed in
the range of ultrasonic power chosen in our study. To save the en-
ergy of power, we selected the power of 0.07 W/cm3 as the opti-
mum power for ultrasonic-assisted mechanical-stirring system.
3.6. The effect of ultrasound on reaction time
Based on the results mentioned above, the optimum reaction
parameters except reaction time were obtained. Fig. 7 showed
the values of reaction rate (Fig. 7A) and degumming efﬁciency
(Fig. 7B) of the two systems under optimum conditions. Compared
to the mechanical-stirring system, the treatment of ultrasound
could accelerate the reaction rate at the ﬁrst 2 h, and than the rate
of enzymatic degumming became slow (Fig. 7A). In addition, the
residual phosphorous could be quickly reduced to less than
10 mg/kg within 2 h (Fig. 7B). In the mechanical-stirring system,
the reaction rate showed an increase–decrease pattern (Fig. 7A),Fig. 7A. Degumming kinetics of the two systems: pH = 5.0, enzyme dos-
age = 40 mg/kg, stirring = 500 r/min. In mechanical-stirring system, water
amount = 3% (relative to the weight of oil), reaction temperature = 50 C (—); in
ultrasonic-assisted mechanical-stirring system, water amount = 2.5% (relative to
the weight of oil), reaction temperature = 55 C, ultrasonic power = 0.07 W/cm3
(. . ..).
Fig. 7B. Effect of reaction time on the reduction of phosphorous content of rapeseed
oil: pH = 5.0, enzyme dosage = 40 mg/kg, stirring = 500 r/min. In mechanical-
stirring system, water amount = 3% (relative to the weight of oil), reaction
temperature = 50 C (—); in ultrasonic-assisted mechanical-stirring system, water
amount = 2.5% (relative to the weight of oil), reaction temperature = 55 C,
ultrasonic power = 0.07 W/cm3 (. . ..).
X. Jiang et al. / Ultrasonics Sonochemistry 21 (2014) 142–148 147and 4 h was needed to reduce the residual phosphorous below
10 mg/kg (Fig. 7B). The results could be explained by the effects
of ultrasound. Firstly, the ultrasound treatment could increase
the interfacial area of the reaction system and facilitate the disper-
sion of substrates; secondly, ultrasound treatment might have ef-
fect on the active center of the enzyme, providing rapid and
enough combination of the enzyme and substrates; thirdly, the
cavitation effect of ultrasound could also promote the hydration
of lysophospholipids, making the removal of them more easily. In
consideration of the degumming efﬁciency and reaction time, we
selected 5 h and 3 h as the optimum reaction times for the
mechanical-stirring system and ultrasonic-assisted mechanical-
stirring system, respectively.3.7. The effect of ultrasound on the quality of degummed oil
An overview of the PLA1 degumming process on the quality
changes among crude, mechanical-stirring degummed and ultra-
sonic-assisted mechanical-stirring degummed rapeseed oils under
optimal conditions is given in Table 1. It is well known that PLA
hydrolyzes the acyl-ester bond of phospholipids to release FFA,Table 1
Overview of the FFA, metal ions and oxidative stability of degummed rapeseed oils after d
Parameters Crude
Phosphorous content (mg/kg) 252.05 ± 0.91A
FFA (g/100 g) a 2.08 ± 0.05A
PV (mmol/kg) 3.24 ± 0.08A
Minerals (mg/kg)
Fe 7.32 ± 0.24A
Ca 66.53 ± 1.86A
Mg 43.81 ± 2.10A
Oxidative stability (h) 5.38 ± 0.17A
The letters of A, B and C represent the differences among different treatments: the sa
signiﬁcant difference (P 6 0.05).
a Expressed as oleic acid.
b Mechanical-stirring system: pH = 5.0, enzyme dosage = 40 mg/kg, water amount = 3
c Ultrasonic-assisted mechanical-stirring system: pH = 5.0, enzyme dosage = 40 mg/kg
reaction time = 3 h, ultrasonic power = 0.07 W/cm3.thus treatment of crude oil with PLA could result in an increase
of free fatty acid in the oils. In our study, there existed a signiﬁcant
difference between crude and enzymatic degummed oils
(P 6 0.05), and no signiﬁcant difference was observed between
mechanical-stirring and ultrasonic-assisted mechanical-stirring
systems (P > 0.05). The peroxide value (PV) gives a measure of
the extent to which an oil sample has undergone primary oxida-
tion. Enzymatic degummed rapeseed oils did not undergo notice-
able changes in PV value between mechanical-stirring and
ultrasonic-assisted mechanical-stirring systems (P > 0.05), but
showed a signiﬁcantly higher value compared with crude oil,
increasing from about 3.24 mmol/kg to about 4.20 mmol/kg
(P 6 0.05). It meant that the crude oil was partially oxidized during
the enzymatic degumming process. Compared to the crude oil, me-
tal ions (Fe, Ca and Mg) in both of the two enzymatic degumming
systems were signiﬁcantly decreased in combination with the re-
moval of phospholipids. It is well know that the removal of metal
ions would improve the oxidative stability of degummed oil, be-
cause the existence of the metal ions, such as Fe, was a promoter
for the automatic oxidation of oil. However, in our study, the oxi-
dative stability of crude rapeseed oil was better than that of de-
gummed oils with different kinds of degumming treatments
(P 6 0.05), which might be explained that phospholipids were a
kind of natural antioxidants and could postpone the rate of oil oxi-
dation [19]. In addition, compared to the sole mechanical-stirring
treatment, ultrasonic treatment could further reduce the oxidative
stability of the degummed oil. The result was in compliance with
other researchers to some extent, indicating that ultrasound treat-
ment could accelerate the oxidation of edible oils [20]. The ultra-
sonic oxidation of degummed oil might be attributed to the
effect of cavitation. Metals which existed naturally in edible oils,
in combination with ultrasound cavitation, could be suspected as
a possible responsible for the formation of oxy-radical species to
induce the oxidation of rapeseed oils.
4. Conclusion
The present study showed that ultrasonic-assisted treatment
could accelerate the enzymatic reaction rate and enhance the
enzymatic degumming efﬁciency of rapeseed oil. Both the opti-
mum temperature and inactivation temperature of PLA under
ultrasound irradiation were higher than those without ultrasound
treatment. The treatment of ultrasound did not change the pH-pat-
tern of PLA, and less water was required to saturate the substrates
under ultrasonic-assisted mechanical-stirring system. Quality
analysis of the degummed oils showed that ultrasonic-assisted
treatment did not signiﬁcantly change the PV value of degummed
rapeseed oil (P > 0.05), which meant that the rate of primaryifferent kinds of treatment.
Mechanical-stirringb Ultrasonic-assistedc
7.52 ± 0.48B 6.49 ± 0.4C
2.35 ± 0.06B 2.38 ± 0.08B
4.16 ± 0.07B 4.22 ± 0.10B
2.99 ± 0.32B 3.08 ± 0.25B
8.07 ± 1.22B 7.37 ± 1.46B
3.73 ± 0.67B 3.34 ± 0.52B
4.61 ± 0.18B 4.21 ± 0.11C
me letter indicates no signiﬁcant difference (P > 0.05), different letters indicate a
% (relative to the weight of oil), reaction temperature = 50 C, reaction time = 5 h.
, water amount = 2.5% (relative to the weight of oil), reaction temperature = 55 C,
148 X. Jiang et al. / Ultrasonics Sonochemistry 21 (2014) 142–148oxidation did not change a lot compared with sole-mechanical-
stirring treatment. However, evaluation of oxidative stability un-
der Rancimat accelerated oxidation condition showed that ultra-
sound treatment could accelerate the oxidation of edible oils due
to the effect of cavitation. These results indicate that ultrasound
could be an effective way to reduce the time, water and enzyme
dosage used in PLA degumming process, but more attention should
be paid on oxidative stability of oils in further application.
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